ABSTRACrf
Previous studies reveal that dark-induced closure of Samanea leaflets is accompanied by H' secretion from flexor motor cells. We now report that flexor tissue excised in the light, incubated in a weakly buffered bathing solution, and then darkened at different temperatures (18°C -30°C) acidified the medium (indicating net H' efflux) at all temperatures tested, but most rapidly at the highest temperature. However, pH changes reversed direction after 20 to 70 minutes; the lower the temperature, the later pH reversal occurred, and the lower the pH at reversal and after 45 minutes. These data provide a basis for the previously reported promotive effect of low temperature on dark-induced leaflet closure, assuming net H' and K' fluxes are opposite in direction. Net H' efflux at all temperatures tested was greater when the impermeant molecule iminodiacetate replaced small permeant anions in the bathing solution, suggesting that H' uptake is coupled to anion uptake, probably via a Hf/anion symport system. When permeant anions were deficient, the amount of malate in the tissue increased, presumably by new synthesis. Malate synthesis would substitute for H /anion uptake in charge balance and in providing HW for cytoplasmic pH regulation.
Samanea saman is a nyctinastic legume with paired leaflets (pinnae and pinnules) that usually separate from each other (open) in the light and fold together (close) in the dark (22) . Dark-induced closure is dependent upon loss of K+, Cl-, and water from extensor cells and uptake of ions and water by flexor cells in the pulvinus (23) . The K+ and Cl-fluxes, in turn, are accompanied by oppositely directed H+ fluxes, i.e. H+ is taken up by extensor cells and is extruded from flexor cells (8) .
H+ efflux from flexor cells is dependent on 02 and inhibited by KCN (8) , consistent with an outwardly directed H+ pump and leading one to predict increase in H+ efflux with increase in temperature. However, previous unpublished investigations in our laboratory revealed an unexpected response to temperature. Flexor tissue that was excised from a plant in the light, incubated in a bathing solution, and then darkened for 45 min, acidified the medium more at 1 8C than at 30C. In the present study, we examined the effects of temperature on H+ fluxes in greater detail, monitoring pH of the medium continuously during the dark period, rather than only at its end. Our data provide evidence that two H+ transport systems operate over a broad temperature range: a H+-secreting pump, as described in (8) , and a co-transport system for coupled H+/anion uptake. ' Supported by National Science Foundation grant DMB 83-04613 to R. L. S.
Plant material. Samanea saman plants were grown from seed in a controlled chamber with a 16 h photoperiod (200 ,gmol m-2 s-') at 260 C ± 1.50 C. Flexor tissue was as harvested from terminal secondary pulvini of the third to eighth mature leaf, counting from the apex (8) . Tissue from 12 pulvini (mean dry weight = 15.6 mg) was used for each experimental treatment.
Whenever practical, we compared the effects of only two treatments, using one member of each pair of 12 pulvini for one treatment, and the other member of each pair for the other treatment (Figs. 2-5; Tables I and IIB, and IDA2 and C1-treatments in Table IIA ). The dry weight of flexor strips excised from paired pulvini varied from one another by only 2 to 3%, whereas flexor strips excised from pulvini from different plants varied from one another by up to 33%. In Figure 1 , where the effects of four different treatments were compared, variability due to differences in pulvinar age and physiology were minimized by using pulvini from four plants, and including three flexor strips from each plant and two strips from pulvini of each age (i.e. third through eighth leaf) in each group of 12 pulvini.
Measurements of pH and H' flux. Flexor tissue was excised at h 4 to 7 of the photoperiod, washed in bathing solution in white light for 10 min at room temperature, blotted dry, and then transferred to 0.5 ml of fresh bathing solution and darkened for 40 to 80 min at 18, 22, 26, or 30C. All manipulations conducted during the 'dark' period were performed using dim green 'safe-light' (8) . The temperature was controlled to ±0.5°C with a circulating, constant temperature water bath. The bathing solution contained 1.0 mM Mes, 1 mM Ca(NO3)2, 5 mm K2SO4, and 0.2 M mannitol (control solution), except for Figure 4 and Tables I and II , where IDA, Cl-, or NO3 replaced the other anions. The initial pH was adjusted to 5.5 with HCI (most experiments) or IDA ( Fig. 4 ; Tables I and II) . Mannitol was included to lower the osmotic potential of the bathing solution to a value close to (although more negative than) that measured in vivo (6) . Oxygen was bubbled through the medium continuously, except when replaced by N2 (Fig. 2) . The pH ofthe bathing solution was monitored continuously with a miniature pH electrode (model 410 Microelectrodes, Inc., Londonderry, NH) and recorded on a chart recorder. In some experiments ( Fig. 3 ; Tables  I and II) , the pH of the medium was rapidly titrated back to 5.5 with KOH at the end of the experiment to determine net H+ efflux. In other experiments, the pH was maintained close to 5.5 during the first 20 min (Fig. 5A) or during the entire measurement period (Fig. 4) 4 .25% (v/v) hydrazine buffer (pH 9). The 1 ml samples were microfuged at 840g to remove insoluble materials.
Malate was assayed by modifications of the assays described in Refs. 5 and 7 . The assay depends upon the oxidation of malate to oxaloacetate accompanied by stoichiometric reduction of NAD to NADH, determined spectrophotometrically. The procedure was as follows: a 100 1l aliquot of each 1 ml sample was incubated with 100 ,l of 80 mM f,-NAD, 1.25 ml 4.25% hydrazine buffer (pH 9), and 10 ,u malate dehydrogenase at room temperature (25°C) for 70 min, using partial vacuum to speed up the removal of bubbles that formed during the incubation. (Fig. 1) . Changes in pH of the medium during the first 4 to 5 min of darkness (stage 0) were highly variable, probably due to exchange of H+ between the medium and negative sites in the cell wall. During stage 1, flexor tissue acidified the medium at a rate that increased with increase in temperature. The pH changes reversed direction after 17 to 70 min of darkness, leading to the onset of stage 2 (alkalinization). The lower the temperature, the later stage 2 began. Furthermore, the pH at reversal and the pH after 70 min of darkness were both lowest (i.e. acidification was maximal) at the lowest temperature. (Fig. 3, A and B) , implying that the H+pump makes a major contribution to medium acidification over the temperature range tested. In these experiments, the tissue was preincubated in the inhibitor for 15 min prior to darkening, to permit adequate time for uptake and diffusion of the chemical through the tissue. To determine whether the H+pump was also active during stage 2, in our next experiment we added DCCD to the bathing solution about 15 min prior to the end of stage 1 (i.e. at the beginning of the dark period at 30C). The inhibitor was ineffective under these conditions (Fig. 3C) , suggesting that pump activity ceases at the end of stage 1.
DES, another H+ ATPase inhibitor (24) , also reduced acidification at 30C at 0.07 mM (Fig. 3D ); effects were not tested at 18C, since solubility was poor at this temperature. Na3VO4, inhibitor of plasma membrane-localized ATPases (2), reduced acidification at 26C (Fig. 3, E and F) , although high concentrations (0.5-1.0 mM) were required, possibly due to limited uptake of the chemical through the plasma membrane. We did not test effects of Na3VO4 at lower temperatures, since the high concentration required at 26C raised questions about the inhibitor's mode of action.
Effects of Permeant and Nonpermeant Anions on H' Fluxes. The swelling of flexor cells during dark-induced leaflet closure is accompanied by the uptake of K+, Cl-, and other anions (20) . If anion uptake is coupled to H+ uptake, as proposed in Satter and Galston (21) (Table IIB) . Loss of malate from tissue incubated in the light might be due to leakage from the apoplast to the bathing solution.
Effect of Maintaining Constant pH during Phase 1. In our next experiments, the pH was maintained close to 5.5 for the first 25 min of darkness by repeated back titration with KOH, or by incubating the tissue in a large volume of solution (Fig. 5) . Note that alkalinization began at almost the same time as in the controls, even though the external pH did not attain its usual low value.
DISCUSSION
During a previous investigation in our laboratory using an experimental system similar to the one described herein, we considered several possible artifacts that might effect the relationship between changes in pH of the bathing solution and H+ fluxes through Samanea motor cell membranes (8) . We concluded that, at all times after stage 0, the possible release of malate or other weak organic anions was the only reaction of those we considered that would be expected to alter pH without affecting H+ fluxes. Let The doubly dissociated form would predominate in the cytoplasm (pH close to 7.2), but an appreciable amount would be in the singly dissociated form in the bathing solution, particularly at low pH. This would lead to an underestimate of H+ secretion through the pump during stage 1 and an overestimate of H+ uptake during stage 2. H' Transport Systems. The direction and rate of net H+ flux through flexor cell membranes depends upon the dynamic equilibrium between H+ secretion through the pump and H+ uptake through various transport systems. The pump requires aerobic conditions ( Fig. 2; Ref. 8) , presumably for ATP synthesis, is inhibited by DCCD and DES (Fig. 3, A, B and D) , and functions over a broad temperature range (1 8-30°C ). H+ secretion through the pump is masked in part by H+ uptake through the H+/anion co-transporter, which also peaks during stage 1 (Fig. 4) .
H+ is taken up through a number of pathways: (a) a leakage pathway that exists in all types of cells and is enhanced by injury (3), as occurs during excision; (b) a H+/sucrose co-transport system that functions in Samanea pulvinar cells at defined times during the circadian cycle (17) but would not have an appreciable effect on H+ fluxes in the experiments reported here, since endogenously generated sucrose would be diluted by the bathing solution; (c) a transport system that promotes the uptake of C1-or other small anions (10, 23) and alkalinizes the cellular exterior ( Fig. 4 ; Table I ); and (d) possibly, a symport system that cotransports H+ and K+ into the cell, as described recently for Neurospora (18) , although we did not test this possibility. We will focus here on (c), the transporter that alkalinizes the medium in the presence of small anions and functions during stage 1 (Fig.  4) , i.e. when pump activity is high.
H+/anion co-transport (or OH-/anion counter-transport, which is functionally similar) provides one possible explanation for data in Figure 4 and Table I . This type of transporter would utilize energy stored in the transmembrane pH gradient to power anion uptake. It has been studied most thoroughly in the giant alga Chara corallina, where electrophysiological data and thermodynamic considerations led Sanders and Hansen (19) and Smith and Walker (25) to conclude that two H+ are co-transported with one Cl-. Thus in Chara, H+/anion co-transport acidifies the cytoplasm, alkalinizes the apoplast, and depolarizes the cell.
HCO3-efflux coupled to anion uptake would also acidify the cytoplasm and alkalinize the apoplast during anion uptake under our experimental conditions, if such a transporter were present in flexor cell membranes. In red blood cell plasma membranes, HCO3-generated by respiration is transported out of the cell in exchange for Cl-via a HCO3 /Cl-countertransport system (14 Thus, effects on pH of the bathing solution would be indistinguishable from those of H+/anion co-transport, using the methods we have described. However, measurements of pH in the flexor apoplast that were made in situ without bubbling of 02 (12) , reveal dark-induced changes in pH similar to those described for stage 1 (Fig. 1) , i.e. acidification ceases after 25 min at 26°C. Thus, conditions that would drive outward HCO3-transport are not required for the termination of stage 1. Furthermore, although inward HCO3-transport through the plasma membrane has been proposed for the alga C. corallina (15) , outward HCO3-transport coupled to inward anion transport has not been described in algae or higher plant cells, to the best of our knowledge. Thus, H+/anion co-transport, rather than HCO3/anion exchange, provides the most reasonable explanation for our data. Of course, it will be necessary to examine Cluptake in a more defined system (e.g. plasma membrane enriched vesicles) before drawing definitive conclusions.
Role of Malate. Malate (1; A DePass, R L Satter, unpublished data), Cl- (23) , and NO3-(1O) serve as counterions for K+ during movements of Samanea and Phaseolus pulvini. When a deficiency of small anions prevented anion uptake, malate levels in the tissue increased (Table II) , presumably by new synthesis. Increase in malate synthesis would serve two functions normally served by coupled H+/Cl-uptake: it would provide H+ ions for cytoplasmic pH regulation (4) , and it would replace Cl-in balancing the charge of K+.
Transition from Stage 1 to Stage 2: How is it Regulated? We considered whether the change from acidification of the bathing solution to alkalinization after a certain period in darkness had physiological significance, or whether it was merely a consequence of excising the tissue and submerging it in a bathing solution. These experimental procedures would be expected to promote alkalinization, both by increasing inward H+ leakage, since it is enhanced by injury (3), and by leakage of malate from the apoplast to the bathing solution (Table IIB) . However, these experimental procedures cannot provide the major explanation for the end of stage 1, since: (a) extensor tissue that was excised and submerged in a bathing solution acidified the medium continuously for more than 75 min at 26 or 30°C (11); and (b) dark-induced acidification of the flexor apoplast was transitory when pH was measured in situ, even though alkalinization during stage 2 was minor under these conditions (12) .
Coupled H+/anion transport is maximal during stage 1 rather than stage 2 (Fig. 4) , and thus cannot be responsible for the transition from stage 1 to stage 2. Alternatively, if the pump were turned off (or if its activity decreased sharply) after a certain period of darkness, this would signify the end of stage 1. Data revealing that DCCD (Fig. 3C ) and anaerobiosis (data not shown) have no effect on pH of the bathing solution during stage 2 are consistent with this interpretation, as is the cessation of pump activity in situ (12) , discussed above. Thus, it seems likely that the pump becomes inoperative after a dark period that ranges from 20 min at 30°C to 70 min at 18°C (Fig. 1) , although other processes such as leakage of H+ and/or malate might contribute toward alkalinization during stage 2.
We considered two possible explanations for the cessation of pump activity. (a) It might depend upon attainment of a low external pH during stage 1, since external pH acts as a regulator of H+ pump activity in other systems (9) . Data in Figure 5 are at variance with this interpretation. Stage 2 began at close to its usual time when external pH was maintained at its initial value (5.5) during the first 20 to 25 min of darkness at 30°C (Fig. 5) . (b) It might depend upon an internal timing process that is initiated by darkness. This interpretation is consistent with our data, assuming the timing process is temperature dependent (Fig.  1 ) and requires aerobic conditions (Fig. 2) . The nature of the timing process remains to be determined. 
